The pathogenesis of periodontitis is a complicated process implicated in the interactions among bacteria challenge, host immunoinflammatory response as well as environmental and genetic risk factors.
protein kinase (MAPK) signalling pathway to upregulate proinflammatory cytokine expression. Human gingival fibroblasts (HGFs), the most abundant resident cells in periodontal connective tissues, play a key role in sustaining inflammation by triggering secretion of proinflammatory cytokines in response to LPS challenge. 8 Porphyromonas gingivalis
LPS-induced interleukin (IL)-1, IL-6 and IL-8 release in HGFs was
owing to TLR4/myeloid differentiation primary response protein 88 (MyD88) mediated activation of NF-κB and MAPK. [9] [10] [11] [12] Furthermore, phosphoinositide-3-kinase (PI3K)/protein kinase B (PKB/AKT) pathway, an upstream regulator of NF-κB, has been reported to be activated by LPS-induced TLRs signals. 13 Although upregulation of proinflammatory cytokines during inflammatory condition is a critical defensive mechanism against invading pathogens, the excessive inflammatory mediators result in periodontal tissue destruction.
14 Therefore, downregulation of inflammatory mediator production by blocking the aforementioned intracellular signalling pathways may relieve the inflammatory responses 13 and consequently restrict the progression of periodontitis.
Chronic inflammation is generally associated with hypoxia as a result of increased oxygen consumption by the metabolically active infiltrating immune cells and inflamed resident tissue cells. 15 Prolyl hydroxylase domain containing proteins (PHDs), a family of 2-oxoglutarate dependent dioxygenases, act as an important sensor of molecular oxygen and exist in three isoforms which are known as PHD1 (also called EGLN2), PHD2 (EGLN1) and PHD3 (EGLN3). 16 Activity of PHDs depends entirely on the available oxygen. Under normal oxygen, PHDs hydroxylate hypoxia-inducible factor (HIF)-α subunits thereby mediating the inactivation of HIF which is an oxygen-dependent transcription factor regulating gene expression to adapt hypoxia. 17, 18 PHD/HIF axis regulates gene expression suited for hypoxia and a comprehensive crosstalk exists between oxygen-sensing hydroxylases and inflammatory signalling pathways. 15, 19 Currently, the role of PHDs in inflammation is still controversial because the effect of PHDs on inflammatory response is cell type-specific, playing both pro-and anti-inflammatory roles. It has been indicated that individual PHD isoforms knockdown or pharmacological inhibitor DMOG induced the activation of NF-κB due to decreased PHDdependent hydroxylation of IκB kinase-β (IKKβ) in HeLa cells. 20 In
HEK293T cells, PHD3 negatively regulated IKK-NF-κB signalling through inhibition of IKKγ ubiquitination. 21 On the contrary, some studies indicated that inhibition of PHDs significantly diminished LPS-induced inflammatory mediator production via blocking NF-κB pathway in macrophages and promoted their skewing towards an anti-inflammatory M2 phenotype. 22, 23 Moreover, silencing of PHD2/3 attenuated the expression of matrix metalloproteinases and cyclooxygenase (COX)-2 in TNF-α-induced nucleus pulposus cells, which was independent of HIF-1α accumulation. 24, 25 On the other hand, it has been reported that DMOG, through activation of HIF-1α, played a protective role in the development of apical periodontitis via downregulation of NF-κB, proinflammatory cytokine production, macrophages differentiation into M1 cells. 26 An increasing number of studies have shown that DMOG was profoundly beneficial in alleviating different inflammatory diseases indicating its potential as a therapeutic target in inflammation. 15, [27] [28] [29] However, the effects of PHD inhibition on HGFs and treatment of periodontal diseases are still not fully understood.
Therefore, our study aimed to explore the role of PHDs in LPSinduced inflammation of HGFs by employing DMOG or RNA interference and to clarify the underneath mechanisms thereby finding a novel therapeutic target for treatment of periodontal diseases.
| MATERIAL SANDME THODS

| Tissuecollectionandcellculture
Healthy gingival tissues were harvested from three systemically Before delivered to the labs, the isolated gingival tissues were stored in Dulbecco's modified Eagle's medium (DMEM; Hyclone, Logan, UT, USA) with 5% antibiotics (100 U/mL of penicillin, 100 mg/ mL of streptomycin; Sigma Aldrich, St Louis, MO, USA) in ice bath.
Immediately, the tissues were washed three times with phosphatebuffered saline (PBS; Hyclone) and then were minced into fragments (1-3 mm 2 ) and digested with collagenase I (3 mg/mL; Sigma) and dispase II (4 mg/mL; Sigma) for 2 hours at 37°C. After termination of the digestion, the single-cell suspension was seeded into 25 cm 2 air-permeable flasks and cultivated with DMEM supplemented with 20% foetal bovine serum (FBS; BioInd, Kibbutz, Israel) and 1% antibiotics at 37°C in a 5% CO 2 incubator. The culture medium was changed once every 3 days and cells were passaged with 0.25%
Trypsin-EDTA (Solarbio, Beijing, China) solution till 80%-90% confluent monolayer cells. The passaged HGFs were then cultured in 10%
FBS DMEM without antibiotics. Cells at passages 4-6 were used for the whole experiment.
| Cellviabilityassay
The effect of DMOG on cell viability was assessed by cell-counting kit-8 (CCK8; Dojindo Laboratories, Kumamoto, Japan) according to the manufacturer's instructions. HGFs were treated with 10, 50, 100, 250, 500 and 1000 μmol/L DMOG (Sigma) for 24 hours.
Then, the culture medium of each well was replaced with 100 μL of 10% CCK-8 reagent-DMEM medium and the cells were incubated for another 2.5 hours at 37°C in CO 2 incubator. The optical absorbance value at 450 nm wavelength was measured using a microplate reader (SPECTROstar Nano; BMG Labtech, Offenburg, Germany).
| Flowcytometry
The cytotoxicity effect of DMOG was also detected by AnnexinV- 
| RNAisolationandquantitativereal-time polymerase chain reaction
Human gingival fibroblasts were pretreated with 10, 50 and 100 μmol/L DMOG for 24 hours and then were stimulated with LPS 
| Enzyme-linkedimmunosorbentassay
The conditional medium collected from quantitative real-time polymerase chain reaction (qRT-PCR) assay was used for determining the protein levels of IL-6 and IL-8. After centrifugation to eliminate the bacterial and dead cell pellets, the supernatant was detected with enzyme-linked immunosorbent assay (ELISA) kits (BioLegend, San Diego, CA, USA) according to the manufacturer's instructions.
The optical absorbance values at 450 and 570 nm wavelength were measured using a microplate reader (SPECTROstar Nano; BMG Labtech). Moreover, the absorbance at 570 nm wavelength was subtracted from the absorbance at 450 nm when analysing the data.
| Proteinisolationandwesternblotanalysis
Human gingival fibroblasts were pretreated with 10, 50 and 
| Immunocytochemistry
HGFs were pretreated with 10, 50 and 100 μmol/L DMOG for 24 hours, and stimulated with 5 μg/mL LPS for 1 hour. Cells were fixed with 4% paraformaldehyde for 10 minutes and then permeabilized using 0.5% Triton X-100 (Solarbio) for 10 minutes. 
| siRNAtransfectionandeffectsofPHD1/2 knockdownoninflammatorycytokineexpression
About 30%-50% confluent HGFs were transfected with small interfering RNA with fluorescence (FAM-siRNA; GenePharma, Shanghai, China) using Lipofectamine 2000 (Invitrogen) to determine the transfection efficiency as previously described. 30 To obtain the optimal PHD1/2 gene knockdown effect, three different smallinterfering sequences were respectively designed for PHD1 (478, 1364, 1608) and PHD2 (3758, 4216, 4405). The siRNA sequences targeting PHD1 and PHD2 were listed in Table 2 . After transfection for 6 hours, the reduced-serum medium (Opti-MEM; Gibco, Grand 
| Statisticalanalysis
Data were presented as mean ± standard deviation (SD) and differences between more than two experimental groups and negative control group were analysed by one-way ANOVA followed by Tukey HSD comparison test and variance between two groups was compared by two-way t-test with GraphPad Prism software (version 6, by MacKiev Software, Boston, MA, USA). P < 0.05 was considered statistically significant.
| RE SULTS
| LowconcentrationsofDMOGshowedno cytotoxiceffectonHGFs
The cytotoxic effect of various concentrations of DMOG on HGFs was detected by CCK-8 assay and FCM. The results showed that 10, 50 and 100 μmol/L DMOG had no effect on HGFs proliferation after treating for 24 and 48 hours ( Figure 1A,B) . However, higher concentrations of DMOG at 250, 500 and 1000 μmol/L showed significant inhibitory effects on cell proliferation ( Figure 1A,B) . Furthermore, FCM results indicated that 10, 50 and 100 μmol/L DMOG treatment for 24 hours did not affect cell viability through counting PI-positive dead cells ( Figure 1C,D) . Therefore, 10, 50 and 100 μmol/L DMOG were used for the further studies.
| DMOGinhibitedLPS-inducedinflammatory cytokines,TLR-4andMyD88expression
RT-PCR analysis was used to determine the effect of DMOG on 
| DMOGsuppressedLPS-inducedactivationof NF-κB,MAPKandAKTsignallingpathways
To clarify the mechanism of the inhibitory effect of DMOG, we DMOG downregulated activation of NF-κB compared with LPS group ( Figure 3A) . As shown in Figure 3B , nuclear translocation of NF-κB p65 was examined employing immunofluorescence staining.
NF-κB p65 of untreated cells was predominantly localized in the cytoplasm and partly translocated to the nucleus when stimulated with LPS. However, when pretreated with DMOG, LPS-induced nuclear translocation was blocked.
To investigate whether MAPK pathway including p38, cJun N-terminal kinase (JNK), and extracellular signal regulated Histograms represented means ± SD of relative quantification from three independent experiments. ****P < 0.0001, ***P < 0.001, **P < 0.01 and *P < 0.05 compared with control group; ####P < 0.0001, ###P < 0.001, ##P < 0.01, and #P < 0.05 compared with LPS alone group Histograms showed means ± SD of relative quantification from three independent experiments. ***P < 0.001 and *P < 0.05 compared with control group; ###P < 0.001 and ##P < 0.01 compared with LPS alone group kinase (ERK), and PI3K/AKT pathway are also involved in the antiinflammatory effect of DMOG, phosphorylation of these kinases, crucial marker of their activation, were also evaluated by western blot. The phosphorylation levels of p38, JNK and ERK were elevated in LPS-induced HGFs, whereas DMOG pretreatment markedly declined the phosphorylation level of these three kinases in the presence of LPS ( Figure 3C ). Similarly, LPS stimulation strongly activated PI3K and AKT, and DMOG significantly inhibited the activation of AKT ( Figure 3D) . Nevertheless, the phosphorylation of PI3K was not attenuated ( Figure 3D ). We concluded that DMOG suppressed LPS-induced activation of NF-κB, MAPK and AKT signalling pathways.
| EffectsofPHD1andPHD2knockdown
To confirm that anti-inflammatory effect of DMOG is attributed to PHD inhibition, the gene expression of PHD was knocked down through siRNA transfection. PHD homologues (PHD1, PHD2 and PHD3) exhibited tissue-specific expression patterns. 31 Relative
expression of three PHD isoforms was assessed by qRT-PCR in
HGFs. The results demonstrated that PHD2 was the most abundant isoform, followed by PHD1, whereas the expression level of PHD3 was pretty low ( Figure 4A ). Therefore, siRNA targeting 
| EffectofPHD1andPHD2knockdownon LPS-inducedinflammatorycytokineexpression
To ) and (E) (Magnification ×100, scale bar 100 μm). (B, C) HGFs were transfected with siRNA for 6 h and total RNA were extracted after 24 and 48 h. The relative expression of PHD1 (C) and PHD2 (B) were normalized to negative control group. Data represented means ± standard deviation (SD) from three independent experiments. ****P < 0.0001, ***P < 0.001, and **P < 0.01 compared with negative control group
F I G U R E 5 Effects of PHD1/2 knockdown on LPS-induced IL-6, IL-8, TNF-α and IL-1β mRNA expression. HGFs were respectively transfected with siPHD1 (E, F, G, H) and siPHD2 (A, B, C, D) and stimulated with LPS for different timings. The mRNA expression of IL-6 (A, E), IL-8 (B, F), TNF-α (C, G) and IL-1β (D, H) was detected by qRT-PCR. Histograms represented means ± SD of relative quantification from three independent experiments. ****P < 0.0001, ***P < 0.001 and **P < 0.01 compared with negative control group; ####P < 0.0001, ###P < 0.001, ##P < 0.01, and #P < 0.05 compared with LPS alone group. NC: negative control ( Figure 6C,D) were not affected by PHD1 silencing. In addition, the basal levels of inflammatory cytokine expression were not changed after PHD1 and PHD2 knockdown.
| D ISCUSS I ON
Prolyl hydroxylases inhibitor DMOG has been reported to possess extensive application prospects owing to its comprehensive pharmacological effects such as the potential of anti-inflammation, antimicrobial and bone regeneration. 17, 31, 32 In our study, we demonstrated that the expression of IL-6, IL-8, TNF-α and IL-1β was significantly upregulated in LPS-stimulated HGFs while DMOG markedly inhibited upregulation of these inflammatory cytokines. The inhibitory effect of DMOG on LPS-induced inflammatory response was predominantly mediated by PHD2 among the three isoforms. These results suggested that PHD2 may be a novel therapeutic target for periodontal diseases.
TLR4 functions as a crucial signal-transducing receptor that recognizes pathogen-associated molecular patterns (PAMPs) such as LPS thereby inducing the secretion of inflammatory cytokines and activating the innate immune system. 33, 34 In general, TLR4 activates the downstream signalling cascades via MyD88-dependent pathways. 35 The decreased activation of TLR4/MyD88 could attenuate the binding of LPS and thereby down-regulated the expression of downstream messenger molecules and related inflammatory genes.
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In our study, DMOG pretreatment dose-dependently suppressed LPS-induced expression of TLR4 and MyD88, which indicate that the anti-inflammatory effect of DMOG on LPS stimulation is associated with TLR4/MyD88 signalling.
Transcription factor NF-κB pathway has long been considered as a prototypical proinflammatory signalling pathway, largely based on its role in upregulating the expression of proinflammatory genes. 36 RelA/p65 and p50 subunit compose a heterodimer, of which activation triggered by stimulus such as LPS is generally defined as the canonical NF-κB pathway. NF-κB p65/p50 heterodimer is normally F I G U R E 6 Effects of PHD1/2 knockdown on LPS-induced IL-6 and IL-8 protein expression. HGFs were respectively transfected with siPHD1 (C, D) and siPHD2 (A, B) and stimulated with LPS for different timings. The culture supernatants were harvested to evaluate the secretion protein level of IL-6 (A, C) and IL-8 (B, D) by ELISA. Data represented means ± SD from three independent experiments. ****P < 0.0001, ***P < 0.001 and **P < 0.01 compared with negative control group; ####P < 0.0001, ##P < 0.01, and #P < 0.05 compared with LPS alone group. NC: negative control sequestered in the cytoplasm by inhibitors of NF-κB (IκBs), and the best characterized member of IκBs is IκBα. Upon LPS stimulation, IκBα is phosphorylated and degraded, which liberates p65/p50 heterodimer to translocate to the nucleus and bind to NF-κB consensus sites. Ultimately, the transcription of target genes is activated. 37 In addition to stimulus-induced nuclear translocation of NF-κB, the phosphorylation of NF-κB p65 is essential for the transcriptional activation of the prototypical p65/p50 complex after the nuclear translocation. 38 Thus, we speculated that the anti-inflammation mechanism of DMOG may be relative to its suppressive effects on and potentiated the phosphorylation of AKT thereby establishing a feed forward control. 40 The present study showed that LPS elevated the phosphorylation of PI3K and AKT in HGFs, which was consistent with a previous study 41 and DMOG inhibited the activation of AKT, but did not affect the phosphorylation of PI3K. The downregulated AKT phosphorylation by DMOG might be due to the interaction between AKT and IKKβ but not PI3K activation.
TLR4/MyD88-mediated activation of MAPK is also responsible for LPS-induced proinflammatory mediator production and regulation of NF-κB, which is crucial for the progression of periodontal diseases. 42, 43 Therefore, the effects of DMOG on LPS-induced MAPK phosphorylation were also investigated and the results demonstrated that enhanced phosphorylation of p38, JNK and ERK were inhibited by DMOG. Takeda and his colleagues found that the activation of these kinases was not reduced by DMOG pretreatment in LPS-induced RAW264.7 macrophages. 22 In addition, it has been reported that PHD inhibitors regulated inflammatory cytokine F I G U R E 7 Schematic diagram of the targets for DMOG. LPS promoted the activation of PI3K/AKT, NF-κB and MAPK signalling pathway via TLR4/MyD88-dependent manner to upregulate proinflammatory cytokine expression. Our study demonstrated that DMOG inhibited LPS-upregulated TLR4 and MyD88 expression and subsequently suppressed the phosphorylation and degradation of IκBα. Afterwards, the phosphorylation and nuclear translocation of NF-κB p65 were reduced. Moreover, DMOG inhibited AKT phosphorylation, which might interact with IKKs, the upstream kinase of NF-κB. Likewise, the activation of MAPK which was also implicated in LPS-induced inflammation was downregulated by DMOG. Consequently, LPS-upregulated inflammatory cytokine expression was attenuated. LPS, lipopolysaccharide; TLR4, Toll-like receptor 4; MyD88, myeloid differentiation primary response protein 88; DMOG, dimethyloxallyl glycine; IκBs, inhibitors of NF-κB; PI3K, phosphoinositide-3-kinase; AKT/ PKB, protein kinase B; NF-κB, nuclear factor kappa B; MAPK, mitogen-activated protein kinase; JNK, c-Jun N-terminal kinase; ERK, extracellular signal regulated kinase; AP-1, Activator protein 1 production via activating MAPK signalling in endothelial cells and epithelial cells. 44, 45 The exact reason for the contradiction between their studies and ours is unknown, and one possibility is that the inflammatory modulation mechanisms of PHDs involvement may be cell type-specific. Further study needs to be done to confirm the inference.
Prolyl hydroxylases isoforms display special tissue-specific expression patterns. Accordingly, the relative expression of three isoforms was detected and isoform-specific knockdown was performed to investigate which isoform contributed to the suppressive effect.
The results revealed that PHD2, the most abundant isoform, was predominantly responsible for the inhibitory effects of DMOG. Li and colleagues reported that silencing of PHD2 downregulated the production of inflammatory mediators in TNF-α-induced NP cells, because PHD2 promoted NF-κB transcriptional activity through interaction and co-localization with p65 in HIF-1-independent manner. 24 PHD2 is the most critical oxygen sensor among the three isoforms for HIF degradation in normoxia. 46 Previous studies have reported that the increased HIF-1 by PHD inhibition was protective in several inflammatory models. [26] [27] [28] Nevertheless, numerous studies have indicated that TLR4-dependent activation of HIF by LPS stimulation markedly promoted proinflammatory cytokine production, which amplified LPS-induced inflammatory response 47, 48 and TLR4-mediated activation of HIF-1α was also observed in LPS-induced
HGFs. 49 Hence, we speculated that PHD2 might regulate the inflammatory response via HIF-independent pathway and further study is needed to elucidate the molecular mechanism by which PHD2 regulates LPS-induced inflammation. In addition, our study demonstrated that PHD1 was not involved in anti-inflammation function of DMOG.
Previous studies have shown that PHD1 deficiency attenuated NF-κB-dependent inflammatory response to LPS in macrophages. 22, 23 The reason for the contradictory results is unclear and might be due to the diverse biological effects of PHD1 in different cell types. We demonstrated that PHD3 was almost not expressed in HGFs and the effect of PHD3 was accordingly not investigated in our study.
In conclusion, our study demonstrated that PHD inhibitor DMOG inhibited proinflammatory cytokine expression in LPSinduced HGFs. The proposed mechanism illustration was presented in Figure 7 . Additionally, PHD2 may contribute to the inhibitory 
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